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Abstract 

Considering the plasmon oscillation of each layer of the cell membranes as a quasi-particle, we introduce a simple 
model for the membrane collective charge excitations, take into account the surface effective potential of the plasmon- 
plasmon interaction between two layers. By using the useful Bogoliubov transformation method, we easily obtained 
the expressions of the frequencies of plasmon oscillations as a function of wave-number k and membrane thickness d, 
magnitude of these frequencies is in the order of \fkd. Our results are in good agreement with ones obtained by 
E. Manousakis (1). 
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1. Introduction 

The biology and physics fl) communities have 
pursued overlapping studies of membranes over the 
past few decades, with the natural segmentation into 
more specific (biological) and general (physics) stud- 
ies. The physicists are often entranced by the vari- 
ety of topological and phase behaviours possible in 
membranes. However, with new experimental tech- 
niques that include better visualization of dynami- 
cal processes in cells, there are increasingly more op- 
portunities for interdisciplinary cross-fertilization. 

Plasmon modes have been found (0) in a system 
of electrons on the surface of liquid helium, that play 
a fundamental role in understanding the properties 
of a metal in condensed matter. Plasmons have been 
investigated both theoretically (0; 0; 5 K 0) and ex- 
perimentally (@) in quasi 2D systems such as sur- 
faces or interfaces of metals. 
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Lipid bilayers are among the most important 
"construction materials" for the cell |9t). A bilayer 
membrane constitutes a flexible barrier that sepa- 
rates the interior and exterior of a cell, encapsulates 
the nucleus and can perform a number of roles such 
as acting as a functional host for protein produc- 
tion. Membranes appear in flat (plasma membrane), 
spherical (vesicular transport), tubular (transport) 
or tortuous and possibly bicontinuous (Endoplas- 
mic Reticulum, ER and Golgi apparatus) forms in 
the cell, depending on function and composition. 
The surface of a lipid bilayer with the surrounding 
counter-ion system is analogous to that of electrons 
on helium surface. The surface of a cell membrane in 
aqueous environment becomes negatively charged 
(|lfj| ). It is well known (111: Il21) that a diffuse double 
layer of counter-ions from the solution screens the 
negative charge, thus, a thin two-dimensional {2D) 
layer of mobile cations is accumulated adjacent 
to the extracellular and intra-cellular membrane 
surfaces. In addition, because of different perme- 
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abilities of the cell membrane channels to various 
cations, the inside of the cell is kept at a negative 
potential relative to the outside. The gating mecha- 
nism of ion channels along the cell membrane, that 
are believed to open using volta ge s ensing gates, is 



an open problem in cell biology (1(1 13; 1J). 

Recently, the collective charge response of the mo- 
bile counter-ion charge of the interior and exterior 
surface layers to an external electric field perturba- 
tion have been studied by E. Manousakis (1). Fol- 
lowing a complicated approach, one have to solve 
the Poisson equation for the perturbation field due 
to the external charge density and current fluctua- 
tions, one obtained the expressions of the frequen- 
cies of plasmon oscillations of each layer. It is shown 
that there are longitudinal charge collective modes 
with wave vectors parallel to the surface and the two 
layers are coupled and fluctuate together as a whole 
in the limit where the wavelength is much longer 
than the membrane thickness d. 

In this work we introduce a simple model for the 
membrane collective charge excitations. The formu- 
lae of the frequencies of plasmon oscillations are 
obtained by using the Bogoliubov transformation 
method. 

2. Model 

The negatively charged exterior and interior sur- 
faces at biological membranes of cells is shown in 
Fig. 1 where the density of charged phospholipids 
heads is higher on the exterior membrane surface 
than interior one. Diffuse double layers of counter- 
ions, such as H + , Na + , K + , Ca ++ ..., form on each 
membrane side. Due to the difference membrane 
permeability for these cations, there is a voltage — V 
between the cell interior relative to the exterior. 

In the thermal equilibrium the counter-ion charge 
density varies as we move away from the membrane 
surface as shown, within in the so-called Gouy- 
Chapman (GC) length 

i _ k B Te l 

where i = 1, 2, for each membrane side. £j and q t = 
Zie are the dielectric constants and the counter-ion 
charges of the outside and inside of the cell with Zi 
being the ionic valence. At the room temperature 



T = 300i"T, ones obtained A 



GC 



2.5nm 



For 



charge fluctuations propagating with wave vectors 
k parallel to the surfaces and magnitude k <C ^q]j, 
these layers can be regarded as two-dimensional (jlj). 



Cell-outside 



Cell-inside 




Fig. 1. The model of lipid bilayer cell membrane of width d. 

We suppose the plasmons of each layer as a quasi 
particle with a fluctuation frequency w(k) 



Wj(k) = Z.iujp + Sjk, 



(1) 



in which, the notations top and is the 2D plasmon 
frequency and the velocity of density fluctuations, 
respectively: 
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with uq « XnmT 2 being the surface density taken 
from experiments, and mi are the counter-ion- 
cffcctivc masses. The coupling coefficients between 
the plasmon of two layers play the role of the surface 
effective potentials which can be taken in the form 



(pi = Z 1 Z 2 oj P e 
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The Hamiltonian for the plasmons in cell membranes 
is defined by 

n m = Y, Mk)a + (k)a(k) + co 2 (k)6+(k)6(k) 

fe 

+pi(k)6+(k)a(k) + <^ 2 (k)a + (k)6(k)] , (5) 

where a + (a) and b + (b) are the creation (annihila- 
tion) operators of the plasmons on exterior and inte- 
rior membrane sides, respectively. These operators 
obey the commutation relations: 
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[a,a+] = [b,b+] =1, 

[a, a] = [a+,a+] = [6, 6] = [b + ,b + ] = 0, (6) 
[a, b] = [a, 6+] = [a+ b] = [a+,b+] = . . . = 0. 

Using the Bogoliubov transformation, we can 
rewrite the Hamiltonian (5) in a diagonalized form 

W m = ^[ft+(k)a+(k)a(k) 

k 



fi_(k)/?+(k)/?(k)] 



(7) 



where a + (a) and (3 + (/?) are the creation (anni- 
hilation) operators of new quasi-particles that obey 
commutation relations (6). The Eigen- frequencies of 
the membrane collective charge oscillations can be 
obtained by solving the determinant equation 



wi(k)-n+(k) v>i(k) 

<p 2 (k) wa(k)-fi+(k) 
then we have 

n ± (k) = a;i(k) + ^ (k) 



(8) 



±y Mk) - ^ 2 (k)] 2 + 4^(kv 2 (k). (9) 

The frequencies denoted by fl+ (fi-) correspond to 
in-phase (out-of-phase) oscillations of both layers 
together. It means that the frequencies of plasmon 
oscillations attain maximum value at Q(k) = f2+(k) 
and minimum value at f2(k) = Q_(k). 

3. Results and Discussion 

We consider a simplest case where all the param- 
eters of both layers are taken to be the same i.e., 
wi(k) = £J2(k) and </?i(k) = ^(k). The frequencies 
are given in units of 



UJ Q = Z 
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The expression (9) becomes 
fi±(k) 
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do 
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is taken from the experiments. We see that the mag- 
nitude of the frequencies is the in order of \fkd~. 



These results are in quite good agreement with the 
obtained results in Ref. (|l|). 

In Fig. 2 we present the Eigen-frequencies of the 
membrane collective charge oscillations versus kd, 
where the wave number k is given in units of l/d. The 
solid curves correspond to our calculations (a) and 
the dashed curves are included from obtained results 
of E. Manousakis (b) for comparison. The middle 
curve of part (a) or (b) show the frequencies of each 
independent layer, i. e., there is no coupling between 
the layers, then the frequencies can be expressed as 

fi (k) 



LU 

It is straightforward to show that in the long- 
wavelength limit (kd -C 1) 



« 2Vkd - J{kdf + ky/dd^, 

n_(k) 



y/(kdf + ky/dd . 



(12) 
(13) 



Finally, we shown in Figs. 3, 4 the dependence of 
the Eigen-frequencies on both the wave-number k 
and membrane thickness d, where the thickness d is 
given in units of do and k in units of d^ 1 . The fre- 
quency fi_(k) corresponds to in-phase charge oscil- 
lations of the two layers and the frequency f2 + (k) to 
out-of-phase charge oscillations. 

In order to obtain a more accurate expression of 
the plasmon frequencies instead of the bare mass and 
surface density, one should use the effective mass of 
the hydrated ion and the effective nearly-free coun- 
terion charge density. If there are binding sites on 
the membrane surface this will reduce the effective 
free surface charge density. 

The plasmon frequencies should scale as \fa with 
respect to surface concentrations (which can be esti- 
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Fig. 2. Eigen-frequencies of the membrane, with d ~ 30A. 
The dashed curves are taken from Ref. yj) for comparison. 
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mated from the bulk concentrations) and as 1/ Jra\ 
with respect to various counter-ion-effective masses. 
These plasmon oscillations can be used by the vari- 
ous parts of cell membrane to carry out communica- 
tion. The investigations of the behavior of the gates 
of the voltage sensitive ion channels in cell mem- 
branes indicate a high sensitively of the voltage sen- 
sor to small changes of the membrane electric field. 
This implies that the 2D plasmas could play a role 
in triggering the bio-sensor operations. Before, how- 
ever, one proceeds further to study such possibilities 
it is important to carry out an experimental study 
to verify the existence and the properties of these 
plasmon modes. 




Fig. 3. Eigen-frequencies of the membrane correspond to 
in-phasc oscillations of both layers together. 




Fig. 4. Eigen-frequencies of the membrane correspond to 
out-of-phase oscillations of both layers together. 



4. Conclusions 

In this work we investigated the effects of the sur- 
face effective potential due to the existence of the 
charge carries at bounders of the bio systems, this 
problem can be simplified by considering the plas- 
mon oscillations of each layer in cell membranes as 
a quasi-particle. We studied a theoretical model for 
plasmons modes of the cell membranes, by using Bo- 
goliubov transformation method, we obtained the 
formulae of Eigen-frequencies of the membrane col- 
lective charge oscillations, the results are in good 
agreement with ones obtained from previous theo- 
ries. This simple model could be applied for another 
bio, nano and soft material systems. 
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